[Abstract] The advent of single cell genomics and the continued use of metagenomic profiling in diverse environments has exponentially increased the known diversity of life. The recovered and assembled genomes predict physiology, consortium interactions and gene function, but experimental validation of metabolisms and molecular pathways requires more directed approaches. Gene function-and the correlation between phenotype and genotype is most obviously studied with genetics, and it is therefore critical to develop techniques permitting rapid and facile strain construction. Many new and candidate archaeal lineages have recently been discovered, but experimental, genetic access to archaeal genomes is currently limited to a few model organisms. The results obtained from manipulating the genomes of these genetically-accessible organisms have already had profound effects on our understanding of archaeal physiology and information processing systems, and these continued studies also help resolve phylogenetic reconstruction of the tree of life. The hyperthermophilic, planktonic, marine heterotrophic archaeon Thermococcus kodakarensis, has emerged as an ideal genetic system with a suite of techniques available to add or delete encoded activities, or modify expression of genes in vivo. We outline here techniques to rapidly and markerlessly delete a single, or repetitively delete several, continuous sequences from the T. kodakarensis genome. Our procedure includes details on the construction of the plasmid DNA necessary for transformation that directs, via homologous recombination, integration into the genome, identification of strains that have incorporated plasmid sequences (termed intermediate strains), and confirmation of plasmid excision, leading to deletion of the target gene in final strains. Near identical procedures can be employed to modify, rather than delete, a genomic locus.
. The ability to genetically modify T. kodakarensis has allowed for the study of individual gene function in metabolism, replication, transcription and translation. Using a recombination based system and both selective and counter-selective markers, individual genes are deleted from the T. kodakarensis genome in a markerless manner (Figure 1 ). This markerless deletion strategy allows the consecutive deletion of multiple genes in a single strain using the same strategy for each gene.
T. kodakarensis strain TS559 (ΔTK2276; ΔTK0254::TK2276; ΔTK0149; ΔTK0664) requires the presence of agmatine and tryptophan for cellular growth (Santangelo et al., 2010) . The deletion strategy presented here utilizes the selectable and counter-selectable markers TK0149 and TK0664, respectively.
TK0149 encodes a pyruvoyl-dependent arginine decarboxylase, an enzyme necessary in the conversion of arginine to agmatine which is then converted to putrescine. Cells lacking TK0149 are dependent on the addition of agmatine to the media for viability. TK0664 encodes a hypoxanthine guanine phosphoribosyltransferase, an enzyme involved in a ribonucleotide scavenging pathway. Cells encoding TK0664 can metabolize 6-methylpurine (6-MP), a cytotoxic purine derivative, and thus perish in environments containing 6-MP. To assist others in implementing this technology, here we outline a procedure to delete a gene [as one example, we delete TK0566 (Walker et al., 2017) ] from the T. kodakarensis TS559 genome. GC-3' end clamp. Primer3 typically returns multiple primer pairs, and for convenience only, we select the first pair. These algorithm derived primers are sufficient to amplify the amplicon of choice, but must be amended to add sequences that facilitate insertion into pTS700.
4. To the upstream primer, add the sequence 5' GGAGGTGAATTTC. This new primer (38 nucleotides) will be designated 001-XXXX, where XXXX is the gene number. To the downstream primer, 5' GGTGAAGGATTTC will be added, and this primer will be designated 002-XXXX. 2. PCR amplification is typically achieved using 001-XXXX and 002-XXXX primers in a mixture (50-100 µl) containing 3 μl of the genomic DNA (~300 ng), as prepared above. Any high-fidelity DNA polymerase can be used for the PCR amplification and should be used following the manufacturer's recommendations.
Note: The additional sequence added to 001-XXXX and 002-XXXX primers facilitates the use of Ligation Independent Cloning (LIC), our preferred cloning method, and may be omitted if a different cloning method is used.

B. A-plasmid construction
3. To determine if the amplicon of interest was generated, ~5 µl of the amplification reaction is loaded into a 1% agarose gel, resolved, stained with ethidium bromide (EtBr), and imaged. If the correct product was amplified with no alternative products, the resultant amplicon is purified using AMPure XP beads following the manufacturer's directions. If a mixture of desired and alternative products were identified, the total reaction should be loaded into the gel, resolved, stained, imaged and the desired amplicon should be excised out of the gel and purified using a commercially available gel purification kit such as Nucleospin Gel and PCR Clean-up Kit by
Machery-Nagel following the manufacturer's instructions.
Note: A gel purification kit or PCR clean-up kit can be used as an alternative to AMPure XP beads.
4. Simultaneous to generating the desired amplicon for YFG, the plasmid pTS700 should be prepared for accepting the amplicon. pTS700 is the vector used for all gene deletion constructs and contains an E. coli origin of replication (oriC), Amp R , and T. kodakarensis selectable and counter-selectable markers, TK0149 and TK0664, respectively. pTS700 also features a SwaI restriction enzyme cut site that is used to insert, via LIC, the YFG amplicon. pTS700 can be maintained in any standard E. coli strain using ampicillin as the selectable marker, is easily recovered from cultures via commercially available miniprep kits (we typically use the ZR 
μl
Following PCR, the total reaction is loaded into a 1% agarose gel, resolved, stained, and imaged.
If the LIC was unsuccessful, a product of 150 bp will be generated. If LIC was successful, a product of 150 bp plus the size of your initial amplicon (YFG + 1,400 bp flanking regions) will be present. Identify one of the successful LIC generated plasmids, return to the spot plate, and pick the corresponding colony into 5 ml of LB with ampicillin and grow overnight at 37 °C while shaking. Purify the plasmid from E. coli using a preferred plasmid Miniprep kit, quantify, and sequence the entire amplicon using the 700Forward and 700Reverse primers in two separate reactions. If the sequencing confirms the YFG along with the upstream and downstream sequences have been inserted into pTS700, the plasmid is now designated pCSUXXXXA and is referred to as the A-plasmid.
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www.bio-protocol.org/e2604 sequences. The product size for all deletions should be ~1,400 bp, and the colony corresponding to the deletion is picked into 5 ml LB-Amp, incubated at 37 °C overnight, and newly constructed B-plasmid DNA purified using the preferred plasmid Miniprep Kit. The resulting purified B-plasmid is sequenced using the 700Forward and 700Reverse primers in two separate reactions. If the sequencing demonstrates that YFG has been deleted, this new plasmid is now designated pCSU-XXXXB and will be used to construct the T. kodakarensis deletion strain.
D. Thermococcus kodakarensis transformation 1. The B-plasmid must be transformed into T. kodakarensis strain TS559. The first step of the transformation is to inoculate a fresh culture of TS559 as described in step B1.
2. To complete the transformation, the cells will be spread onto specialized plates that will remain solid at 85 °C. The media used to make the plates must be autoclaved immediately before pouring. Plates should be poured no more than 24 h prior to use. Two 100 ml serum bottles with unique ingredients are autoclaved separately and mixed immediately before pouring. Each set of serum bottles will yield four plates, and each transformation requires two plates. For all plates, one of the bottles will remain consistent and contains 1 g of Gelzan in 50 ml of distilled H2O.
Once the Gelzan and dH2O are added, cap the serum bottle with a rubber stopper and aluminum seal and shake to mix well. Note that the Gelzan will not completely dissolve prior to autoclaving.
The contents of the second bottle will vary depending on the composition of the desired solid media. The media required for the initial transformation is ASW-YT-S, and thus the second serum bottle will contain 50 ml of 2x ASW (see Recipes) with 0.5 g yeast extract, 0.5 g tryptone, www.bio-protocol.org/e2604 A standard liquid autoclave cycle with a 20-min sterilization at 121 °C is sufficient to sterilize the media and dissolve the Gelzan. As soon as the autoclave cycle has finished, remove the noodle pot, and bring the bottles into the anaerobic chamber. The Gelzan will begin to solidify at any temperature below 85 °C and will remain solidified so you must pour the plates immediately after the autoclave cycle has completed. For every set of two bottles, four, previously autoclaved, glass Petri plates should be arranged in the chamber to allow for quick pouring. Once the bottles are in the chamber, work quickly to uncap the bottle containing the 2x ASW and add to this Continue incubating on ice for an additional 60 min.
7. Although T. kodakarensis is naturally competent, a heat shock step is used in the transformation protocol to increase the efficiency of the transformation. Heat the cell/plasmid mixture to 85 °C for 1 min followed by a 5 min recovery on ice. Each transformation will be spread on two plates, one with a high volume of cells (160 μl) and one with a low volume of cells (40 μl) using a cell spreader. After spreading, the plates are flipped upside down and placed in a metal cylinder, packed with paper towels to absorb moisture and a GasPak EZ Anaerobe Container System packet to maintain anaerobic conditions during growth. The cylinder is sealed in the chamber, removed from the chamber, and placed in an 85 °C incubator for 48-72 h. downstream genes, respectively, should be used.
It is necessary to confirm via PCR that the B-plasmid has been integrated into the genome and determine the locus of this recombination. Purified genomic DNA from potential intermediate strains (as specified in step D9 above) will be used in PCR reactions with two separate primer combinations: 700Forward is used in combination with 002-XXXY while 700Reverse will be used 001-XXXW. PCR is performed using 3 μl (~300 ng) of genomic DNA with Phusion DNAP following manufacturer's instructions. The PCR reactions are resolved in a 1% agarose gel, stained, and imaged. Ideally, both the upstream and downstream recombination events will be identified in individual colonies, however in some cases only one of the recombination events is identified. plates will be poured. As done in step D4, two 50 ml serum bottles are used. As before, one serum bottle will contain 1 g of Gelzan in 50 ml of H2O. The second serum bottle will now contain only 50 ml of 2x ASW and 500 μl trace minerals. The same autoclaving procedure is used. After www.bio-protocol.org/e2604 5. After 85 °C incubation, at least 10 colonies from the spread plates must be spotted onto newly poured plates made in the exact same manner as the spread plates to obtain single colonies.
Note
To spot single colonies, a colony from the spread the plate is picked into 6 μl of 0.8x ASW and serial dilution spot plating is performed using 0.8x ASW and a 10-fold dilution at each step for 10 steps (spots are ~6 µl). Following serial-dilution spotting, the plates are placed in a metal cylinder with an anaerobe pack and incubated at 85 °C for 48-120 h.
6. After these spot plates have been allowed to grow, one colony from each serial dilution series is used to inoculate 5 ml of ASW-YT supplemented with 5 μl 1 M agmatine, 5 μl KOD Vitamins, and 0.1 g elemental sulfur. After overnight growth, total genomic DNA can be extracted from these cultures as described in step B1. for the second and third reactions signifies the deletion occurred as long as the product was present using the control TS559 genomic DNA. These PCR reactions are performed using a high fidelity DNAP and 3 μl genomic DNA (~300 ng). Following PCR, the products are separated using a 1% agarose gel, stained with EtBr, and imaged.
2. If the desired deletion genome is identified within the final PCR amplifications, further amplifications are performed on that strain to extend confidence that YFG is truly deleted. The external PCR using the 001-XXXX and 002-XXX primers is repeated in a 50 μl reaction using Phusion DNAP, and 3 μl of purified genomic DNA (~300 ng). Following PCR, only 5 μl of this reaction is used in an agarose gel to confirm the PCR worked. The remaining reaction is sent to a DNA sequencing facility for purification and sequencing using the 001-XXXX and 002-XXXX primers in two separate sequence reactions.
3. Once the sequencing has confirmed the deletion of YFG, the deletion strain has been constructed. If desired, a Southern blot or whole genome sequencing can be performed to further confirm the deletion.
Data analysis
Plasmid construction confirmation
Construction of both the A and B plasmid is typically a facile procedure with few problems.
Complications can result from primer design errors or primer incompatibility, and when such occurs, the use of the second set of primers selected by the program is typically sufficient to www.bio-protocol.org/e2604 Figure 5 ). (Z) was performed using 001-1418 and 002-1418 to ensure that the genomic preps yielded DNA suitable for PCR. The expected Z product was ~1,600 bp.
Final deletion strain PCR
Ideally, four PCR reactions, in addition to DNA sequencing, will be used to determine if the gene of interest was deleted from the T. kodakarensis TS559 genome ( Figure 6 ). The PCR reaction using two primers internal to the gene of interest is crucial in ensuring that the gene is deleted from the genome, and has not moved to a different locus via an off-target recombination event.
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www.bio-protocol.org/e2604 The absence of products using primers C/D demonstrates that TK0566 is not present anywhere in the genome of the deletion strain. 
